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Abstract
During fetal development, trophoblast cells enter endometrial capillaries, migrate within the uterine vasculature, and eventually reside
within spiral arteries of the uterus. This invasive activity is accompanied by upregulation of trophoblast h1 integrin expression. Fluid
mechanical shear stress regulates migration and expression of adhesion molecules in vascular endothelial cells, but nothing is known about
the effects of shear stress on trophoblast cells. We tested the hypothesis that shear stress regulates the motility and h1 integrin expression of
trophoblast cells. Early gestation macaque trophoblast cells were cultured in 11-mm square cross-section capillary tubes within which the
flow field was determined using three-dimensional computational fluid dynamic simulations. Trophoblast cells in the capillary tubes were
exposed to a steady shear stress of 7.5, 15, or 30 dyn/cm2 for up to 24 h. In the absence of flow, trophoblast cells were highly dynamic with
constant nondirectional positional shifts but with no net cell migration. Exposure of the cells to shear stress within 24–72 h of cell plating
significantly increased the level of this activity and led to net cell migration in the direction of flow. Shear stress also increased the expression
and altered the topography of h1 integrin. These results suggest that shear stress regulates trophoblast motility and h1 integrin expression in
vitro. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
During fetal development in higher primates, maternal
blood is brought into direct contact with embryonic troph-
oblast tissue. This condition is established early in preg-
nancy when a specialized subset of trophoblast cells breach
the uterine epithelium, migrate through endometrial con-
nective tissue and become apposed to dilated endometrial
capillaries. These invasive trophoblast cells then enter, and
become locally established within, the lumens of maternal
vessels. As a result of trophoblast intravasation, continuity
is established between the uterine vasculature and the
trophoblast-lined spaces that form the placenta, through
which maternal blood circulates [1,2].
Morphological studies demonstrate that intravascular
trophoblast cells adhere to the luminal surfaces of endothe-
lial cells. These trophoblast cells are able to attach to endo-
thelium with sufficient strength to resist displacement by
blood flow, which suggests the involvement of intercellular
adhesion molecules. Subsequently, through mechanisms not
yet understood, trophoblast cells migrate extensively within
small endometrial vessels and eventually reside within the
spiral arteries of the uterus [2–7]. Some of these intra-
vascular trophoblast cells eventually extravasate by migrat-
ing between arterial endothelial cells [2,8,9]. This process
involves displacement of maternal endothelial cells and loss
of their basal lamina followed by trophoblast cell migration
into the tunica media, disruption of the smooth muscle, and
synthesis of large amounts of extracellular matrix. Ulti-
mately, trophoblast cells form the luminal surface of the
invaded regions of affected maternal vessels. The extensive
remodeling of the uterine vasculature that occurs as a result
of this trophoblast activity is important in assuring an
adequate blood supply to the developing fetal-placental unit
[7–10]. Inadequate invasion of the spiral arteries is a
characteristic of pregnancies complicated by hypertension
and fetal growth retardation and has been implicated as a
cause of miscarriages [11–20]. The factors that regulate the
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invasive activity of intravascular trophoblast cells remain
poorly understood.
Analyses of tissue sections and studies using isolated
trophoblast cells suggest that trophoblast invasion is accom-
panied by changes in the expression of proteases, cadherins,
and various integrins [21–24]. Increased expression of h1
integrin occurs as trophoblast cells enter the invasive path-
way [22,23]. In vitro assays using human cytotrophoblast
cells suggest invasion is regulated by EGF, TNF, and TGF-h
[25–27]. Integrin expression by first trimester trophoblast
cells can be altered by the composition of the extracellular
matrix and by hypoxia [28].
Taking advantage of numerous similarities in placenta-
tion between macaque monkeys and humans, we have
previously used the macaque as a model system to study
morphological aspects of trophoblast invasion [2,8,9,29]. To
extend the usefulness of this model, we recently demon-
strated for the first time that human and macaque tropho-
blast cells adhere to endothelial cells in vitro and that this
attachment is partially mediated by aV and h1 integrins
[30,31]. Our studies have also demonstrated that macaque
trophoblast cells cultured in migration chambers preferen-
tially migrate towards vitronectin (or serum) [31].
One important potential regulator of trophoblast function
within blood vessels that has not been examined is fluid
mechanical shear stress. In endothelial cells, shear stress can
initiate signaling pathways that result in altered gene
expression and/or alterations in the surface distribution of
adhesion molecules [32–38]. In the present paper, we
hypothesized that flow-derived shear stress regulates the
motility of macaque trophoblast cells and alters integrin
expression. We have tested this hypothesis by examining the
effect of controlled levels of steady shear stress on both the
migration of cultured trophoblast cells and the expression of
h1 integrin in these cells. The results show that trophoblast
cells cultured on extracellular matrix proteins migrate gen-
erally in the direction of fluid flow, that the extent of this
migration is dependent on the magnitude of imposed shear
stress, and that shear stress alters the distribution of troph-
oblast h1 integrin.
2. Materials and methods
2.1. Materials
A monoclonal antibody against h1 integrin (clone
P4G11) and isotype-matched control mouse immunoglobu-
lin were purchased from Chemicon (Temecula, CA). Oregon
Green-labeled goat anti-mouse antibodies were purchased
from Molecular Probes (Eugene, OR).
2.2. Trophoblast isolation
We have previously described in detail a procedure used
to isolate trophoblast cells from term (165-day) macaque
placentas[39]. The same procedure was used in the present
case to isolate cells from 40–100-day placental villous
tissue. Cell yields were approximately 3 106 cells/g tissue
(20–30 106 cells per placenta). When the cells were
cultured for 24 h on LabTek slides and then stained, at least
98% were positive for cytokeratin and negative for HLA-
ABC/DR, factor VIII, and vimentin, consistent with troph-
oblast. The remaining cells were vimentin-positive and
HLA-positive. The cells were subjected to an additional
purification step using immunomagnetic microspheres
coated with anti-HLA antibodies[40]. As we reported for
human trophoblast cells [40], this step removes contaminat-
ing HLA-positive cells, leaving pure (i.e. 100% cytokeratin-
positive, HLA-ABC/DR-negative, vimentin-negative)
trophoblast cells. FACS analysis of this purified trophoblast
population revealed that 75% of the cells were h1 integrin-
positive (Fig. 1).
2.3. Trophoblast cell exposure to shear stress
Trophoblast cells were gently pipetted into 5 cm-long,
11-mm square cross-section borosilicate glass capillary
tubes (VitroCom, Mountain Lakes, NJ) that had been coated
with Type I rat tail collagen (Becton Dickinson, Bedford,
Fig. 1. Flow cytometric analysis of h1 integrin expression in isolated
trophoblasts. Freshly isolated trophoblasts (see Section 2) were incubated
with control mouse Ig (A) or a monoclonal anti-h1 integrin antibody (B)
followed by an Oregon Green labeled secondary antibody, then fixed and
analyzed by fluorescence-activated cell sorting.
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MA). Although the cell density was adjusted to minimize
cell–cell interactions while still allowing a sufficient num-
ber of cells per field for analysis, trophoblast cells have a
tendency to aggregate and the formation of some small
colonies was unavoidable. The cells were allowed to attach
to the inner walls of the tube for 5 h, after which the medium
was replaced. All experiments were performed using a
mixture of Ham’s F12 and Waymouth’s medium (50:50
vol/vol) containing 10% fetal bovine serum.
Cultured trophoblast cells were exposed to steady fluid
shear stress using protocols that have been previously
described [41–43]. Briefly, the capillary tube containing
the cells was inserted into a recirculating flow loop. Cell
culture medium, gently gassed with CO2, was drawn from a
reservoir using a peristaltic flow pump and passed through
two smaller buffer reservoirs inserted between the pump and
the capillary tube to dampen pulsatility. Flow out of the
capillary tube was recirculated back into the feed reservoir.
The temperature of the cell culture medium throughout the
flow loop was maintained at 37 jC by placing all reservoirs
in a temperature-controlled water bath. Under static con-
ditions, trophoblast viability as determined by Trypan blue
staining was 84%. After exposure to shear stresses of 15 or
30 dyn/cm2 for 24 h, viability was 96% and 90%, respec-
tively.
2.4. Characterization of flow in capillary tubes
Capillary tubes were used for shear stress experiments
rather than a parallel plate device because the former
allowed us to use fewer cells. As previously described
[41–43], the square cross-section capillary tubes used in
the present experiments are a very practical system for
studying the impact of fluid mechanical forces on various
aspects of cell structure and function. However, flow within
these capillary tubes cannot be approximated as that
between infinitely wide parallel plates and must be charac-
terized in detail for establishing the shear stress to which the
cultured cells in these tubes are exposed. Indeed, the
magnitude of this shear stress is maximum at the center of
the face on which the cells are cultured and decreases
progressively to zero at the tube side walls. An analytically
derived expression for this shear stress variation along the
width of the capillary tube has previously been given in the
form of an infinite series [43].
Another potential concern with the square cross-section
tubes is the possibility of the presence of significant secon-
dary flow motion within the tubes due to streamline curva-
ture. If significant secondary flows are present, then they
might be expected to influence the shear stress levels to
which the cells are exposed. In order to more comprehen-
sively characterize the flow field within the square cross-
section capillary tubes, we have performed three-dimen-
sional computational fluid dynamic simulations of the
steady flow field using the commercially available computer
program FLUENT (Fluent, Lebanon, NH). FLUENT is a
finite volume code capable of efficiently solving the gov-
erning three-dimensional mass and momentum conservation
(Navier–Stokes) equations [44]. In FLUENT, the computa-
tional domain is subdivided into polyhedra within which the
governing equations, cast in control-volume form, are
solved. The code is capable of handling multidimensional,
unstructured meshes, and the solution yields the complete
three-dimensional velocity distribution within the tube as
well as derived quantities such as the wall shear stress. The
results of these simulations were used to guide the specifi-
cation of the flow rate within the flow loop in order to
generate the desired values of shear stress. A flow rate of 6,
12, or 24 ml/min was used in the present study. According
to both the FLUENT computations performed here and the
analytical expression given by Weisner et al. [43], these
flow rates generated a steady shear stress at the center of the
tube (i.e. a maximum wall shear stress) of 7.5, 15, or 30 dyn/
cm2, respectively.
2.5. Analysis of flow-induced trophoblast cell motility
Trophoblast cells were divided into two groups: ‘‘early
culture’’ cells which were exposed to shear stress within
24–72 h of initial plating and ‘‘late culture’’ cells which
were cultured in the capillary tubes for periods exceeding 72
h prior to flow exposure. Trophoblast motility was exam-
ined separately in each of the two groups. In each case, the
capillary tube was positioned on the stage of an inverted
phase microscope (Nikon TE300, Tokyo, Japan). When a
suitable field of view was identified, flow was initiated to
subject the cells to the desired shear stress level. Trophoblast
cell images within the selected field of view were captured
every hour for 24 h using a digital CCD camera (SenSys,
Photometrics, Tuscon, AZ) interfaced with a computer.
Similar recordings were performed on no-flow control cells.
Following the 24-h recording period, individual tropho-
blast cell contours were traced using an electronic graphics
tablet and pen (artZII, Wacom, Vancouver, WA), and the
data were quantitatively analyzed using image analysis
software (Scion Image version beta 3, http://www.scion-
corp.com). For each cell, the image analysis involved
quantitation of cell area and perimeter as well as x- and y-
coordinates of the center of gravity (cog) at the end of each
hour during the 24-h recording period. Average cell migra-
tion velocities were computed as the total distance traversed
by the cell (based on the changes in the x- and y-coordinates
of the cog) during the 24-h period divided by 24. Net cell
displacement in the direction of flow (x-direction) during the
24-h recording period was determined from the difference
between the x-coordinates of the cell cog at the zero and 24-
h time points.
2.6. Immunocytochemistry and FACS analysis
Trophoblast cells cultured in the glass capillary tubes
were exposed in the flow loop to a shear stress of 15 dyn/
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cm2 for 30 min, 6, and 24 h. Following cessation of flow,
the cells were immediately fixed in either ice-cold methanol
or 3% paraformaldehyde and stained with monoclonal anti-
bodies against h1 integrin subunits for immunocytochem-
ical analysis as described previously [30]. Primary
antibodies were detected using Oregon Green-labeled goat
anti-mouse Ig. Controls consisted of cells that were not
subjected to shear stress but which were stained identically.
Antibody controls were also included. For these, cells were
incubated with isotype-matched mouse Ig followed by
Oregon Green-labeled secondary antibody. The stained
cells were examined using a Nikon Eclipse E800 epifluor-
escence microscope. Multiple images from random fields
were captured using an Optronics DEI750 CCD camera
and Adobe Photoshop software. Identical exposure and
brightness level settings were used for test and control
samples. Captured digitized images were imported into
Image Pro Plus software to determine cellular levels of
anti-h1 antibody-associated fluorescence. The software
was calibrated using the InSpeck Image Intensity Calibra-
tion Kit (6-Am beads; Molecular Probes). Relative cellular
fluorescence intensity was determined by reference to a
standard curve generated using the calibration beads and
is expressed as mean density normalized by area. Back-
ground fluorescence (calculated using cells treated with
isotype-matched control mouse immunoglobulin instead of
the anti-h1 integrin antibody) was subtracted from experi-
mental values.
FACS analysis of cytotrophoblasts with anti-h1 integrin
antibody was performed as described previously [31].
2.7. Immunohistochemistry
Placentas and attached decidua basalis were obtained
from three animals on day 30 of pregnancy. Representative
blocks of tissue were immersed in cryoprotectant (O.C.T.
Compound, Miles Diagnostics), rapidly frozen in liquid
nitrogen, and stored at  70 jC. Sections (6-Am thick)
were prepared with a cryostat, mounted on poly-L-lysine
coated slides, and air-dried at room temperature.
Prior to immunostaining, sections were fixed in cold
( 20 jC) acetone for 10 min and air-dried. Each step in
staining was succeeded by thorough rinsing in phosphate
buffered saline. Sections were stained with anti-h1 integrin
antibody or isotype-matched mouse Ig followed by Oregon
Green-labeled secondary antibodies as described under
Immunocytochemistry (above). Some sections were stained
with an anti-cytokeratin antibody to positively identify
trophoblasts.
2.8. Statistical analysis
Experiments were repeated at least three times using cells
from different placentas in each case. Statistical analyses
were performed by ANOVA followed by Tukey multiple
comparison and linear trend post-tests using the Instat
software program (GraphPad, San Diego, CA). Differences
in means were considered significant if P < 0.05.
3. Results
3.1. Macaque trophoblast cell culture in glass capillary tubes
As illustrated in Fig. 2, early gestation (40–100 day)
macaque trophoblast cells cultured in collagen-coated
square cross-section glass capillary tubes exhibited variable
morphology, some being fusiform and others more ovoid.
This is similar to the appearance of these cells in conven-
tional plastic culture dishes. Despite plating at relatively low
densities (approximately 150,000 cells/ml; the cells do not
replicate), small colonies of cells were often observed;
however, all quantitation of cell motility was based on data
derived from single cells. Trophoblast cells were studied 24
to 144 h after plating.
3.2. Computational determination of the flow field within
capillary tubes
In order to determine the flow field within the glass
capillary tubes, we have used the computational fluid
dynamic code FLUENT for solving the three-dimensional
Navier–Stokes equations within models of these tubes. Of
particular interest in these simulations is the wall shear
Fig. 2. Phase contrast image of early gestation macaque trophoblast cells
cultured in collagen-coated square cross-section glass capillary tube. The
horizontal bar represents 50 Am.
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Fig. 3. (A) Schematic of the square cross-section capillary tube demonstrating the simulated region as well as the flow boundary conditions. (B) Wall shear
stress distribution in the capillary tube determined either from the FLUENT computational fluid dynamic simulations or from the analytical expression given by
Wiesner et al. [43] for flow rates of 6, 12, and 24 ml/min.
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stress distribution as well as the possible presence of
significant secondary flow motion. Because of symmetry,
only one quarter of the square cross-section capillary tube
needed to be modeled, while the entire 5-cm length was
simulated. As shown in Fig. 3A, a no-slip boundary con-
dition was imposed on all solid walls, while a symmetry
boundary condition (i.e. zero flux for all flow quantities)
was specified at the fluid boundaries. At the flow inlet, a
steady flow rate with a flat (uniform) velocity profile was
specified. Simulations were performed for three flow
rates—6, 12, and 24 ml/min, matching the flow rates used
in the experiments. At the flow outlet, a zero-pressure
boundary condition was imposed. All results shown here
are for a mesh consisting of 1000 35 35 computational
nodes (in the x, y, and z directions, respectively); therefore,
the conservation equations were solved at a total of
1,225,000 discrete points within the computational domain.
All solutions have been verified to be mesh-independent—a
finer mesh than the one given leads to velocities and shear
stresses that are within 1% of those shown here. Numerical
convergence was achieved when the residual in the three
components of the velocity vector between successive
Fig. 4. Effect of shear stress on trophoblast cell motility. (A) No-flow (control) cells. (B) Cells subjected to a shear stress of 7.5 dyn/cm2. (C) Cells subjected to
a shear stress of 15 dyn/cm2. (D) Cells subjected to a shear stress of 30 dyn/cm2. In all cases, data points correspond to the x- and y-coordinates of the center of
gravity (cog) of trophoblast cells at every hour during the 24-h recording period. Coordinates of the cog at the beginning of the recording (t= 0) are taken as
(0,0). Flow in panels B–D is from left to right ( x to + x).
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iterations became smaller than a prescribed small number e
(taken to be 10 7 in the present simulations). The corre-
sponding residual in overall mass conservation was approx-
imately 10  2. All computations were performed on a
personal computer (Pentium 450 MHz with 512 Mbytes
of RAM), and convergence was always achieved within
1000 iterations.
Fig. 3B illustrates the FLUENT results for wall shear
stress distribution halfway down the tube length (i.e. x = L/2)
for 6, 12, and 24 ml/min. Also shown are the analytical
predictions of Weisner et al. [43] when the first 10 terms in
the infinite series are considered. The figure clearly dem-
onstrates that the numerical and analytical results are in very
close agreement. The peak wall shear stress for a flow rate
of 6 ml/min was 7.5 dyn/cm2, while the equivalent values
for 12 and 24 ml/min were 15 and 30 dyn/cm2, respectively.
Furthermore, the results demonstrate that the wall shear
stress is relatively flat (a variation of less than 10%) within
200 Am of the tube centerline but decreases sharply as the
side walls are approached. Because of these results, all
assessment of flow-induced trophoblast cell motility was
limited to cells within 200 Am of the tube centerline.
Therefore, the cells whose motility was studied were
exposed to a shear stress of approximately 7.5 dyn/cm2 at
6 ml/min, 15 dyn/cm2 at 12 ml/min, and 30 dyn/cm2 at 24
ml/min. Secondary flow velocities were very small through-
out the capillary tube at all flow rates studied. The ratio of
peak secondary flow velocity to peak primary flow velocity
was 4 10 5 for the 6 ml/min simulations, 7 10 7 for
the 12 ml/min simulations, and 7 10 5 for the 24 ml/min
simulations.
3.3. Effect of steady shear stress on trophoblast cell motility
Trophoblast cell motility in response to controlled levels
of shear stress was assessed by using image analysis to track
changes in the coordinates of the cog of individual cells over
a period of 24 h. Initial analyses suggested that the dynam-
ics of trophoblast cell motility may depend on time in
culture; therefore, we have separately studied the motility
of trophoblast cells that had been plated 24–72 h prior to
motility recordings (‘‘early culture’’ cells) and cells cultured
for periods of 72–144 h (‘‘late culture’’ cells).
Fig. 4 illustrates the effect of flow on changes in the x-
and y-coordinates of the cog of representative early culture
trophoblast cells. In each case, the position of the cell at the
beginning of the recording (t = 0) is taken at the origin of the
coordinate system (0,0), and the (x,y) coordinates of the cog
are shown for every hour during the 24-h recording period.
Under no-flow (control) conditions (Fig. 4A), trophoblast
cells were highly dynamic exhibiting constant positional
shifts. However, these shifts were nondirectional and
appeared to be associated with slow and seemingly random
morphological changes and hence did not lead to net cell
migration. When early culture trophoblast cells were
exposed to a steady shear stress of 7.5 dyn/cm2 (Fig. 4B),
similar dynamic behavior was observed, but the cells now
exhibited limited flow-induced migration. When cells were
exposed to a steady shear stress of 15 or 30 dyn/cm2 (Fig.
4C and D), significant migration was observed in most cells,
and this migration usually followed complex trajectories.
Under 7.5, 15, and 30 dyn/cm2, cell migration was generally
in the direction of flow. In most cases and as evident in Fig.
Fig. 5. Sequential images of a trophoblast cell subjected to a shear stress of 15 dyn/cm2 or to no-flow conditions. Images were taken at t= 0, 7, 14, and 21 h.
The horizontal bar represents 50 Am. The start (t = 0) and end (t = 21 h) x co-ordinates of cog for the no-flow cell were 410.55 and 413.73 Am, respectively. The
start and end x co-ordinates of cog for the cell exposed to shear stress of 15 dyn/cm2 were 223.50 and 264.66 Am, respectively. The direction of fluid flow was
from left to right as indicated by the arrow.
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3C and D, flow-induced trophoblast cell motility had a
significant component normal to flow (i.e. y-direction).
Considering that the cells studied were not exposed to
significant variations in wall shear stress in the y-direction
(all cells were within F 200 Am of the tube centerline), the
reason for this y-direction movement remains unclear. These
results suggest that fluid mechanical shear stress can regu-
late trophoblast cell motility in vitro and that the extent of
the flow-induced migration increases with an increase in the
magnitude of the applied shear stress. Interestingly, a shear
stress of either 7.5 or 15 dyn/cm2 failed to elicit significant
migration in late culture cells (data not shown). These
results suggest that time in culture is an important determi-
nant of trophoblast cell responsiveness to shear stress in
vitro.
Fig. 5 shows sequential phase-contrast images of repre-
sentative early culture single cells taken at 0, 7, 14, and 21 h
after initiation of flow at a shear stress of 15 dyn/cm2. Also
shown is a similar sequence for a control (no-flow) cell. The
cell exposed to flow exhibit clear migration in the direction
of flow as well as shape changes that involve extension and
retraction of filipodia at its leading edge. The no-flow cell,
on the other hand, shows no significant net displacement
and no major change in morphology for the duration of the
experiment.
The effect of shear stress on trophoblast cell migration
velocity and displacement for early culture cells is more
quantitatively illustrated in Fig. 6. Fig. 6A demonstrates that
the average trophoblast cell migration velocity (defined, as
Fig. 6. Effect of shear stress on (A) the average migration velocity and (B)
the net displacement in the direction of flow in trophoblast cells. Flow is in
the + x-direction. Data are presented as meanF S.E. for the number of cells
indicated in parentheses.
Fig. 7. Histograms showing percentage of total trophoblast cells having
average migration velocities within the indicated ranges. Note distribution
shift towards higher velocities as the shear stress level is increased.
Fig. 8. Expression of h1 integrin in early gestation macaque placental
tissue. Frozen sections of macaque placental/endometrial tissue were
incubated with anti-h1 integrin antibody (A and C), control mouse Ig (B
and D) and viewed by fluorescence microscopy as described in Section 2.
The bars represent 100 Am. Images are representative of sections from four
different animals. VC, villous cytotrophoblast; EVC, extravillous cyto-
trophoblast; S, syncytiotrophoblast.
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described in Section 2, as the total distance traversed by the
cell during the 24-h period divided by 24) increased in
response to increasing levels of shear stress. A Trend
Analysis post-test of the data revealed a significant
(P < 0.05) increasing linear trend. Cell migration velocity
at 30 dyn/cm2 was significantly different (P < 0.05) from
the static value. Fig. 6B illustrates similar conclusions for
net trophoblast cell displacement in the direction of flow. At
the end of the 24-h recording period, net displacement of
early culture trophoblast cells subjected to 0, 7.5, 15, or 30
dyn/cm2 showed a significant increasing linear trend
(P < 0.001), and this displacement was generally in the
direction of flow ( + x-direction). Late culture cells exposed
to either 7.5 or 15 dyn/cm2 did not exhibit significant
increases in either average migration velocity or net dis-
placement in response to flow (data not shown).
Fig. 7 shows histograms of the fraction of early culture
trophoblast cells having average velocities within selected
ranges. The results demonstrate the progressive shift in the
distribution towards higher velocities in these cells as the
value of the applied shear stress is increased. This shift did
not occur in late culture cells (data not shown), consistent
Fig. 9. Effect of fluid mechanical shear stress on h1 integrin expression in trophoblast cells. Trophoblast cells were maintained under static conditions (t = 0) or
subjected to shear stress (15 dyn/cm2) for 30 min, 6, or 24 h and then fixed/permeabilized using methanol and stained using an anti-h1 integrin antibody and an
Oregon green-labeled second antibody (see Section 2). Parallel cultures were incubated with an isotype-matched mouse immunoglobulin (antibody control).
The stained cells were viewed by epifluorescence microscopy. The horizontal bar represents 50 Am. Representative images from three separate experiments are
shown. The graph summarizes the image analysis of the antibody-associated fluorescence intensity (see Section 2). Data are meansF S.E. for the number of
cells indicated in parentheses.
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with the lack of responsiveness of these cells to the applied
shear stress. Interestingly, the distribution for cells exposed
to 30 dyn/cm2 appeared bimodal so that larger fractions of
cells exhibited relatively low (2–3 Am/h) or very high
velocities (5+ Am/h) than intermediate velocities (3–5 Am/
h). Reasons for this behavior remain unclear but may reflect
heterogeneities in trophoblast cellular responses to relatively
high shear stresses.
3.4. Effect of shear stress on trophoblast h1-integrin
expression
Integrins are involved in regulating the adhesion and
migration of various types of cells on extracellular matrix
[45–49] and are implicated in trophoblast invasion in the
human and the macaque [22,23,31,50,51]. We have recently
demonstrated that the adhesion of human and macaque
trophoblast cells to endothelial cells in vitro is mediated
by aV and h1 integrins [30,31]. As with the human, low
levels of h1 integrin expression occur in villous cytotropho-
blasts and levels are higher in extravillous cytotrophoblasts
(see Fig. 8A and C). Syncytiotrophoblast did not express h1
integrin (Fig. 8C). To determine if exposure of villous
trophoblast cells to shear stress affected integrin expression,
we exposed early culture trophoblast cells in capillary tubes
to a steady shear stress of 15 dyn/cm2 for periods of 30 min,
6, and 24 h. The cells were then fixed and permeabilized
using methanol, and stained for h1 integrin.
As shown in Fig. 9, control (no-flow) cells exhibited a
punctate h1 integrin staining pattern. Nuclei were clearly
revealed as areas of negative staining (black) in the cells.
However, after 30 min of shear stress, the fluorescence was
more diffuse and negatively stained nuclei were not
observed. After 6 h of shear stress, many, but not all, cells
had discernable nuclei. After 24 h of shear stress, the
fluorescence pattern was similar to that seen in nonsheared
cells and nuclei were identified as negatively stained regions
within cells. Fig. 9 also shows a culture incubated with
control mouse immunoglobulin which exhibits only a weak
and diffuse autofluorescence. In order to determine whether
these changes in integrin distribution were accompanied by
quantitative changes in integrin expression, the antibody-
associated fluorescence was quantitated for multiple random
cells using image analysis software. The graph in Fig. 9
shows the results of this analysis, and it can be seen that
fluorescence levels in cultures subjected to shear stress (15
dyn/cm2) were significantly increased (P < 0.05; ANOVA
with Tukey post-test) compared to the static cultures at all
time points measured. It is also apparent that after 24-h
exposure to shear stress, fluorescence levels were signifi-
cantly lower (P < 0.05) than the levels after either 30-min or
6-h exposure.
Fig. 10. Effect of fluid mechanical shear stress on the cell-surface expression of h1 integrin. Trophoblast cells were maintained under static conditions (t= 0) or
subjected to shear stress (15 dyn/cm2) for 30 min, 6, and 24 h. The cells were then fixed using paraformaldehyde (without permeabilization) and stained using
an anti-h1 integrin antibody and an Oregon green-labeled second antibody (see Section 2). The cells were viewed by epifluorescence microscopy. The
horizontal bar represents 50 Am. Representative images from two separate experiments are shown.
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In order to examine the effects of shear stress on the
surface expression of h1 integrin, trophoblast cells were
exposed to shear stress as above but at the end of the
experiment were fixed in paraformaldehyde without perme-
abilization (Fig. 10). Cells that had not been subjected to
shear stress showed a weak diffuse staining pattern. On
close examination a dark, a negatively stained region could
be discerned on most cells. After 30 min of shear stress, a
bright diffuse fluorescence was associated with the cells and
negatively stained central regions were less obvious. Bright
staining was maintained after 2 and 6 h of shear stress. After
6-h exposure to shear stress, the fluorescence appeared
brighter at cell peripheries. After 24 h of shear stress,
staining appeared to be restricted to cell peripheries and
negatively stained regions were visible at the centers of
cells.
4. Discussion
Trophoblast cell invasion of, and migration within,
uterine vasculature are essential processes in the develop-
ment of the placenta. In this paper, we have used a glass
capillary culture system to demonstrate that fluid mechan-
ical shear stress regulates the motility of early gestation
macaque trophoblast cells as well as the expression and
topography of h1 integrin in these cells. The wall shear
stresses to which trophoblast cells in the capillary tubes
were exposed were determined using three-dimensional
computational fluid dynamic simulations. Under no-flow
culture conditions, trophoblast cells were highly dynamic
with continuous nondirectional shifting in their centers of
gravity and no net migration. A steady shear stress of 7.5
dyn/cm2 significantly increased cellular average migration
velocity and net displacement in the direction of flow. Shear
stresses of 15 and 30 dyn/cm2 elicited further increases in
both average migration velocity and net displacement. To
our knowledge, this is the first demonstration of responsive-
ness to shear stress in trophoblast cells.
Once within uterine blood vessels, trophoblast cells in
vivo migrate against the direction of flow and eventually
remodel spiral arteries. In the present study, flow-induced
trophoblast migration was generally in the direction of flow.
Reasons for the differences in migration polarity remain
to be elucidated. We have previously demonstrated that
trophoblast cells in vitro migrate towards vitronectin [31].
Therefore, directional trophoblast cell migration is likely
regulated by a balance of the effects of both mechanical and
biochemical stimuli. Furthermore, trophoblast–endothelial
cell interactions present in vivo and absent in the present
glass capillary tube system may play an important role in
regulating the direction of migration. Our results nonethe-
less show that villous trophoblasts adopt a migratory phe-
notype when exposed to shear stress. These observations are
in accord with findings described by others showing that
human villous trophoblasts acquire a migratory phenotype
when cultured on different extracellular matrices [23] (see
discussion below).
Over the range of shear stresses studied (0–30 dyn/cm2),
trophoblast cell migration velocities and displacements
increased with the magnitude of the applied shear stress.
Shear stresses in the vasculature vary over a wide range. For
instance, while a shear stress of 7.5 dyn/cm2 approximates
the mean value in large veins, 15 dyn/cm2 is more repre-
sentative of mean shear stress levels in large arteries, and 30
dyn/cm2 represents the lower end of shear stresses within
venules and arterioles [53]. In the uterus of early pregnancy,
the superficial capillaries dilate and resemble venules [2].
Trophoblasts enter the uterine vasculature via these dilated
capillaries and migrate within the vasculature to arteries
within the myometrium. Thus, exposure and response of
trophoblasts to a shear stress of 30 dyn/cm2 in vitro is
considered physiologically relevant.
The migratory response of trophoblast cells to shear
stress was found to be dependent on the length of time that
the cells were in culture prior to being exposed to flow.
Trophoblast cells exposed to shear stress within 72 h of
initial plating (early culture cells) migrated in response to
flow, while cells maintained in culture for 72–144 h prior to
exposure to shear stress (late culture cells) did not exhibit
significant migratory activity. Reasons for this difference are
not clear. One possibility is that in the absence of any
stimulus, cultured cells follow a different (noninvasive)
differentiation pathway that does not express the shear stress
sensing system or in which this system is not responsive.
We have previously shown that macaque trophoblast
cells express h1 integrins and that these adhesion molecules
play a role in the adhesion of trophoblast cells to endothelial
cells [30,31]. h1 integrin has been shown to be essential to
the migratory function of trophoblast cells derived from
human first trimester villous tissue explants [26]. In the
present paper, we have demonstrated that shear stress alters
the distribution of h1 integrin in trophoblast cells. The
punctate pattern of h1 integrin staining and the fact that
nuclei appeared as negatively stained structures in non-
sheared cells that had been permeabilized prior to staining
is consistent with the localization of h1 integrin to focal
adhesions as has been described for other cell types. The
finding that nuclei were no longer readily discernable in
permeabilized cells as negatively stained structures after 30
min and up to 6 h of shear stress indicates a change in
expression or redistribution of h1 integrin. This idea is
supported by the similar change in h1 integrin staining seen
after 30 min of shear stress using nonpermeabilized cells.
The alteration in the distribution of h1 integrin appears to be
transient and was maximal between 30 min and 6 h of shear
stress. One explanation for the disappearance of negatively
stained nuclei at these times is that there is increased surface
expression of h1 integrin such that nuclei are masked. This
conclusion is consistent with the increased surface expres-
sion of h1 integrin found in the paraformaldehyde-fixed (i.e.
nonpermeabilized) cultures.
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Image analysis of the digitized cell-associated fluores-
cence in permeabilized cultures showed significant
increases in fluorescence intensity in cells subjected to shear
stress. This is suggestive of a shear stress-induced increase
in total levels of immunoreactive h1 integrin. While
changes in integrin distribution and/or avidity can occur
very rapidly (within seconds), changes in levels of integrin
protein expression are dependent on alterations in rates of
synthesis and/or degradation that generally occur more
slowly. Induction of integrin mRNA expression in mouse
lung endothelial cells was detected within 1 h [54]. Our
conclusion that shear stress increases total h1 integrin
expression in trophoblast cells is not inconsistent with this
finding. However, further studies will be required to confirm
this conclusion and to better understand the altered distri-
bution/expression of h1 integrin in response to shear stress
in this system.
Immunohistochemical and in vitro studies in the human
indicate that villous cytotrophoblasts express low levels of
h1 integrin but that expression increases in trophoblasts
within cell columns as the cells enter the invasive pathway
[22,23]. High levels of h1 integrin expression are maintained
in interstitial trophoblasts and intravascular trophoblasts.
The immunohistochemical and FACS analyses described
here show a similar pattern of trophoblast h1 integrin
expression in the macaque. Some of the factors that control
trophoblast integrin expression and invasion are beginning to
be identified [23,26,28,52,55]. When first trimester villous
trophoblasts are exposed to different extracellular matrices,
the cells adopt a migratory phenotype characterized by
changes in integrin expression and increased migratory
behavior [23]. The results presented here show that tropho-
blasts derived from early gestation macaque villous tissue
acquire a migratory phenotype when exposed to shear stress.
The shear stress-induced change in the expression/distribu-
tion of h1 integrin in macaque trophoblast cells raises the
possibility that expression of this molecule by intravascular
trophoblasts in vivo could be regulated by blood flow-
derived shear forces. In particular, shear stress may be
responsible for maintaining high levels of h1 integrin in
intravascular trophoblasts. Increased surface expression of
h1 integrin could be involved in the initial burst of tropho-
blast migratory activity in response to shear stress. Increased
integrin expression may also assist in keeping the cells
adherent and preventing detachment under flow conditions.
It should be noted that the effects of flow-derived shear stress
are not restricted to cells within the vasculature. Subendo-
thelial smooth muscle cells are thought to respond to the
effects of interstitial fluid flow [56,57]. Thus, it is possible
that interstitial fluid flow could affect integrin expression in
interstitial trophoblasts immediately adjacent to, but not yet
within, uterine vessels.
The mechanisms involved in shear stress regulation of
migration and integrin expression in trophoblast cells are
entirely unknown. In endothelial cells, shear stress has been
shown to increase or decrease the expression of adhesion
molecules such as ICAM-1, VCAM-1, and E-selectin [34,
58,59]. In other cell types, most notably vascular endothelial
cells, shear stress sensing and transduction has been postu-
lated to occur through a cascade of events involving the
initial sensing of the shear force by cell-surface structures
that act as primary flow sensors, followed by transmission
and transduction of this force to the nucleus via second
messenger pathways and/or the cytoskeleton [32,60]. Can-
didate flow sensing mechanisms in endothelial cells include
activation of shear stress-sensitive ion channels, stimulation
of G protein-linked receptors or cell-surface integrins, and
alterations in cell membrane fluidity. It would be particularly
interesting to investigate the possible presence of similar
flow sensing structures in trophoblast cells.
Acknowledgements
Tissue was made available to us through the cooperation
of the veterinary and animal care staff at the California
Regional Primate Research Center, University of California,
Davis. This work was supported by a grant from the
University of California Davis Health Sciences Research
Fund. We thank Dr. Allen C. Enders for helpful discussions
and Ms. Meredith Liu for assistance in the analysis of
fluorescence data. We also acknowledge Levanto Schachter
for assistance with the computational fluid flow dynamic
simulations.
References
[1] J.D. Boyd, W.J. Hamilton, The Human Placenta, W. Heffer and Sons,
Cambridge, 1970.
[2] A.C. Enders, B.F. King, Early stages of trophoblastic invasion of the
maternal vascular system during implantation in the macaque and
baboon, Am. J. Anat. 192 (1991) 329–346.
[3] M. Knoth, J.F. Larsen, Ultrastructure of human implantation site, Acta
Obstet. Gynecol. Scand. 51 (1972) 385–393.
[4] J. Falck Larsen, Human implantation and clinical aspects, Prog. Re-
prod. Biol. 7 (1980) 284–296.
[5] A.C. Enders, Transition from lacunar to villous stage of implantation
in the macaque, including establishment of the trophoblastic shell,
Acta Anat. 152 (1995) 151–169.
[6] A.C. Enders, K.C. Lantz, S. Schlafke, Preference of invasive cytotro-
phoblast for maternal vessels in early implantation in the macaque,
Acta Anat. 155 (1996) 145–162.
[7] A.C. Enders, T.N. Blankenship, in: D.D. Carson (Ed.), Embryo Im-
plantation: Molecular, Cellular, and Clinical Aspects, Springer-Verlag,
New York, 1999, pp. 23–38.
[8] T.N. Blankenship, A.C. Enders, B.F. King, Trophoblastic invasion
and the development of uteroplacental arteries in the macaque: im-
munohistochemical localization of cytokeratins, desmin, type IV col-
lagen, laminin, and fibronectin, Cell Tissue Res. 272 (1993) 227–
236.
[9] A.C. Enders, T.N. Blankenship, Modification of endometrial arteries
during invasion by cytotrophoblast cells in the pregnant macaque,
Acta Anat. 159 (1997) 169–193.
[10] T.N. Blankenship, A.C. Enders, Trophoblast cell-mediated modifica-
tions to uterine spiral arteries during early gestation in the macaque,
Acta Anat. 158 (1997) 227–236.
A. Soghomonians et al. / Biochimica et Biophysica Acta 1589 (2002) 233–246244
[11] I.A. Brosens, Morphological changes in the utero-placental bed in
pregnancy hypertension, Clin. Obstet. Gynecol. 4 (1977) 573–593.
[12] W.B. Robertson, B. Warner, The ultrastructure of the human placental
bed, Eur. J. Obstet. Gynecol. Reprod. Biol. 5 (1975) 47–65.
[13] W.B. Robertson, I.A. Brosens, H.G. Dixon, in: F.A. Van Assche, W.B.
Robertson (Eds.), Fetal Growth Retardation, Churchill-Livingston,
London, 1981, pp. 126–138.
[14] W.B. Robertson, I.A. Brosens, W.N. Landells, Abnormal placentation,
Obstet. Gynecol. Annu. 14 (1985) 411–426.
[15] B.L. Sheppard, J. Bonnar, An ultrastructural study of uteroplacental
spiral arteries in hypertensive and normotensive pregnancy and fetal
growth retardation, Br. J. Obstet. Gynaecol. 88 (1981) 695–705.
[16] B.L. Sheppard, J. Bonnar, The maternal blood supply to the placenta
in pregnancy complicated by intrauterine fetal growth retardation,
Trophoblast Res. 3 (1988) 69–81.
[17] G. Gerretsen, H.J. Huisjes, J.D. Elema, Morphological changes of the
spiral arteries in the placental bed in relation to preeclampsia and fetal
growth retardation, Br. J. Obstet. Gynaecol. 88 (1981) 876–881.
[18] T.Y. Khong, F. De Wolf, W.B. Robertson, I. Brosens, Inadequate
maternal vascular response to placentation in pregnancies complicated
by pre-eclampsia and by small-for-gestational age infants, Br. J. Ob-
stet. Gynaecol. 93 (1986) 1049–1059.
[19] W.B. Robertson, T.Y. Khong, in: F. Sharp, E.M. Symonds (Eds.),
Hypertension in Pregnancy, Perinatology Press, Ithaca, 1987, pp.
101–113.
[20] T.Y. Khong, H.S. Liddell, W.B. Robertson, Defective haemochorial
placentation as a cause of miscarriage: a preliminary study, Br. J.
Obstet. Gynaecol. 94 (1987) 649–655.
[21] H.A.B. Multhaupt, A. Mazar, D.B. Cines, M.J. Warhol, K.R. McCrae,
Expression of urokinase receptors by human trophoblast: a histochem-
ical and ultrastructural analysis, Lab. Invest. 71 (1994) 392–400.
[22] C.H. Damsky, M.L. Fitzgerald, S.J. Fisher, Distribution patterns of
extracellular matrix components and adhesion receptors are intri-
cately modulated during first trimester cytotrophoblast differentiation
along the invasive pathway, in vivo, J. Clin. Invest. 89 (1992) 210–
222.
[23] C.H. Damsky, C. Librach, K.H. Lim, M.L. Fitzgerald, M.T. McMas-
ter, M. Janatpour, Y. Zhou, S.K. Logan, S.J. Fisher, Integrin switching
regulates normal trophoblast invasion, Development 120 (1994)
3657–3666.
[24] C.L. Librach, S.L. Feigenbaum, K.E. Bass, T.Y. Cui, N. Verastas, Y.
Sadovsky, J.P. Quigley, D.L. French, S.J. Fisher, Interleukin-1h regu-
lates human cytotrophoblast metalloproteinase activity and invasion in
vitro, J. Biol. Chem. 269 (1994) 17125–17131.
[25] K.E. Bass, D. Morrish, I. Roth, D. Bhardwaj, R. Taylor, Y. Zhou, S.J.
Fisher, Human cytotrophoblast invasion is up-regulated by epidermal
growth factors: evidence that paracrine factors modify this process,
Dev. Biol. 164 (1994) 550–561.
[26] J.A. Irving, P.K. Lala, Functional role of cell surface integrins on
human trophoblast cell migration: regulation by TGF-h, IGF-ll, and
IGFBP-1, Exp. Cell Res. 217 (1995) 419–427.
[27] J.C. Todt, Y. Yang, J. Lei, M.R. Lauria, Y. Sorokin, D.B. Cotton, F.D.
Yelian, Effects of tumor necrosis factor-alpha on human trophoblast
cell adhesion and motility, Am. J. Reprod. Immunol. 36 (1996) 65–
71.
[28] O. Genbacev, R. Joslin, C.H. Damsky, B.M. Polliotti, S.J. Fisher,
Hypoxia alters early gestation human cytotrophoblast differentiation/
invasion in vitro and models the placental defects that occur in pre-
eclampsia, J. Clin. Invest. 97 (1996) 540–550.
[29] T.N. Blankenship, A.C. Enders, B.F. King, Trophoblastic invasion and
modification of uterine veins during placental development in maca-
ques, Cell Tissue Res. 274 (1993) 135–144.
[30] T.L. Thirkill, G.C. Douglas, The vitronectin receptor plays a role in
the adhesion of human cytotrophoblast cells to endothelial cells, En-
dothelium 6 (1999) 277–290.
[31] G.C. Douglas, T.L. Thirkill, T.N. Blankenship, Vitronectin receptors
are expressed by macaque trophoblast cells and play a role in migra-
tion and adhesion to endothelium, Biochim. Biophys. Acta 1452
(1999) 36–45.
[32] P.F. Davies, Flow-mediated endothelial mechanotransduction, Physi-
ol. Rev. 75 (1995) 519–560.
[33] D.A. Beacham, J. Lian, G. Wu, B.A. Konkle, L.B. Ludlow, S.S.
Shapiro, Arterial shear stress stimulates surface expression of the
endothelial glycoprotein Ib complex, J. Cell. Biochem. 73 (1999)
508–521.
[34] D.C. Chappell, S.E. Varner, R.M. Nerem, R.M. Medford, R.W.
Alexander, Oscillatory shear stress stimulates adhesion molecule ex-
pression in cultured human endothelium, Circ. Res. 82 (1998) 532–
539.
[35] S. Li, M. Kim, Y.L. Hu, S. Jalali, D.D. Schlaepfer, T. Hunter, S. Chien,
J.Y. Shyy, Fluid shear stress activation of focal adhesion kinase: linking
to mitogen-activated protein kinases, J. Biol. Chem. 272 (1997)
30455–30462.
[36] M. Morigi, C. Zoja, M. Figliuzzi, M. Foppolo, G. Micheletti, M.
Bontempelli, M. Saronni, G. Remuzzi, A. Remuzzi, Fluid shear stress
modulates surface expression of adhesion molecules by endothelial
cells, Blood 85 (1995) 1696–1703.
[37] H. Tseng, T.E. Peterson, B.C. Berk, Fluid shear stress stimulates
mitogen-activated protein kinase in endothelial cells, Circ. Res. 77
(1995) 869–878.
[38] K.D. Chen, Y.S. Li, M. Kim, S. Li, S. Yuan, S. Chien, J.Y. Shyy,
Mechanotransduction in response to shear stress. Roles of receptor
tyrosine kinases, integrins, and Shc, J. Biol. Chem. 274 (1999)
18393–18400.
[39] G.C. Douglas, B.F. King, Isolation and morphologic differentiation in
vitro of villous cytotrophoblast cells from Rhesus monkey placenta, In
Vitro Cell. Dev. Biol. 26 (1990) 754–758.
[40] G.C. Douglas, B.F. King, Isolation of pure villous cytotrophoblast
from term human placenta using immunomagnetic microspheres, J.
Immunol. Methods 119 (1989) 259–268.
[41] A.I. Barakat, E.V. Leaver, P.A. Pappone, P.F. Davies, A flow-activated
chloride-selective membrane current in vascular endothelial cells,
Circ. Res. 85 (1999) 820–828.
[42] S.P. Olesen, D.E. Clapham, P.F. Davies, Haemodynamic shear stress
activates a K+ current in vascular endothelial cells, Nature 331 (1988)
168–170.
[43] T.F. Wiesner, B.C. Berk, R.M. Nerem, A mathematical model of the
cytosolic-free calcium response in endothelial cells to fluid shear
stress, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 3726–3731.
[44] L. Zwick, University of California, Davis, 2000.
[45] R.E. Seftor, E.A. Seftor, M.J. Hendrix, Molecular role(s) for integrins
in human melanoma invasion, Cancer Metastasis Rev. 18 (1999)
359–375.
[46] I. Martin-Padura, G. Bazzoni, A. Zanetti, S. Bernasconi, M.J. Elices,
A. Mantovani, E. Dejana, A novel mechanism of colon carcinoma cell
adhesion to the endothelium triggered by beta 1 integrin chain, J. Biol.
Chem. 269 (1994) 6124–6132.
[47] N.A. Kefalides, The Goodpasture antigen and basement membranes:
the search must go on, Lab. Invest. 56 (1987) 1–3.
[48] S.M. Albelda, Role of integrins and other cell adhesion molecules in
tumor progression and metastasis, Lab. Invest. 68 (1993) 4–17.
[49] R.H. Goldbrunner, H.K. Haugland, C.E. Klein, S. Kerkau, K. Roosen,
J.C. Tonn, ECM dependent and integrin mediated tumor cell migra-
tion of human glioma and melanoma cell lines under serum-free con-
ditions, Anticancer Res. 16 (1996) 3679–3687.
[50] Y. Zhou, C.H. Damsky, K. Chiu, J.M. Roberts, S.J. Fisher, Preeclamp-
sia is associated with abnormal expression of adhesion molecules by
invasive cytotrophoblasts, J. Clin. Invest. 91 (1993) 950–960.
[51] J.D. Aplin, Expression of integrin a6h4 in human trophoblast and its
loss from extravillous cells, Placenta 14 (1993) 203–215.
[52] S. Shimonovitz, A. Hurwitz, V. Barak, M. Dushnik, E.Y. Adashi, E.
Anteby, S. Yagel, Cytokine-mediated regulation of type IV collage-
nase expression and production in human trophoblast cells, J. Clin.
Endocrinol. Metab. 81 (1996) 3091–3096.
A. Soghomonians et al. / Biochimica et Biophysica Acta 1589 (2002) 233–246 245
[53] T.J. Pedley, The Fluid Mechanics of Large Blood Vessels, Cambridge
Univ. Press, Cambridge, NY, 1980.
[54] D.G. Tang, C.A. Diglio, R. Bazaz, K.V. Honn, Transcriptional activa-
tion of endothelial cell integrin alpha v by protein kinase C activator
12(S)-HETE, J. Cell Sci. 108 (1995) 2629–2644.
[55] P. Bischof, E. Friedli, M. Martelli, A. Campana, Expression of extra-
cellular matrix-degrading metalloproteinases by cultured human cyto-
trophoblast cells: effects of cell adhesion and immunopurification,
Am. J. Obstet. Gynecol. 165 (1991) 1791–1801.
[56] S. Wang, J.M. Tarbell, Effect of fluid flow on smooth muscle cells in a
3-dimensional collagen gel model, Arterioscler., Thromb., Vasc. Biol.
20 (2000) 2220–2225.
[57] S. Tada, J.M. Tarbell, Interstitial flow through the internal elastic
lamina affects shear stress on arterial smooth muscle cells, Am. J.
Physiol.: Heart Circ. Physiol. 278 (2000) H1589–H1597.
[58] T. Nagel, N. Resnick, W.J. Atkinson, C.F.J. Dewey, M.A.J. Gimbrone,
Shear stress selectively upregulates intercellular adhesion molecule-1
expression in cultured human vascular endothelial cells, J. Clin. In-
vest. 94 (1994) 885–891.
[59] J. Ando, H. Tsuboi, R. Korenaga, Y. Takada, N. Toyama-Sorimachi,
M. Miyasaka, A. Kamiya, Shear stress inhibits adhesion of cultured
mouse endothelial cells to lymphocytes by downregulating VCAM-1
expression, Am. J. Physiol. 267 (1994) C679–C687.
[60] A.I. Barakat, Responsiveness of vascular endothelium to shear stress:
potential role of ion channels and cellular cytoskeleton (review), Int. J.
Mol. Med. 4 (1999) 323–332.
A. Soghomonians et al. / Biochimica et Biophysica Acta 1589 (2002) 233–246246
